As temperature increases, A2 increases, reaches a maximum rate at an optimum temperature, and then declines at supraoptimal temperatures. In the temperature range where changes in the photosynthetic capacity are reversible, the parameters which may limit A include photochemistry, enzymes of carbon assimilation, photorespiration, and utilization of photosynthate. Suggested limitations of A at suboptimal temperatures have included the capacity of certain photosynthetic enzymes (4) and the rate of utilization of photosynthate (26) . There 2 Abbreviations: A, net photosynthetic assimilation rate; Ci, internal CO2 concentration; FBP, fructose-1,6-bisphosphate; FBPase, fructose-1 .6-bisphosphatase; Fru6P, fructose-6-phosphate; Glc6P, glucose-6-phosphate; PGA. 3-phosphoglycerate; PPFD, photosynthetic photon flux density; Rubisco, ribulose-1 .5-bisphosphate carboxylase/oxygenase; Ru5P kinase. ribulose-5-phosphate kinase; triose-P, dihydroxyacetone phosphate plus glyceraldehyde-3-phosphate.
69 (12, 20) . It has been suggested that the increase in photorespiration relative to A could be explained largely by the differential change in solubility of CO2 and 02 with increasing temperature, resulting in an increase in the 02/CO2 solubility ratio (6, 12) or by a differential alteration of the kinetic parameters of the oxygenase relative to the carboxylase activity of Rubisco as temperature increases (2, 10, 14) .
Comparison of the Qlo values for the Rubisco reaction from in vivo and in vitro experiments indicated that there was a limited carbon flow through that reaction at supraoptimal leaf temperatures (20) . Weis (32) has suggested that Rubisco may undergo a reversible inactivation as leaf temperature increases above the optimum. Machler and Nosberger (18) demonstrated a temperature dependent decrease in extractable activity of Rubisco as temperature increased above the optimum for A, although it was suggested in a later study to occur only under low light intensities (25) . The data, while inconclusive, suggest Rubisco is relatively sensitive to leaf temperature especially at supraoptimal temperatures.
In addition to the effect of supraoptimal leaf temperature on Rubisco, the data from a number of sources clearly indicate that the integrity of the thylakoid membrane is sensitive to increases in leaf temperature (1, 21, 22, 24, 29, 30 ). It appears that as temperature increases above the optimum for A, changes in the thylakoid mosaic occur (30) , such that a thermal uncoupling of photophosphorylation from photosynthetic electron transport produces an inhibition of triose-P synthesis without affecting electron transport (1 1, 24, 29) . The sensitivity of photochemistry to supraoptimal leaftemperatures has led some to speculate that, through limitations on energy conversion, the regeneration of RuBP under this condition will exert some limitation on A (4) .
In the present project, wheat leaves were subjected to various temperatures in the presence of atmospheric concentrations of CO2 and 02 (photorespiring condition) or in the presence of a high concentration of CO2 and a low concentration of 02 (nonphotorespiring condition). Experiments were performed such that A, transpiration, the activity of three enzymes, and the leaf concentrations of six metabolites were all measured in the same leaf. This approach was used to probe the leaf metabolism and examine the regulation ofA in response to temperature in wheat.
MATERIALS AND METHODS
Wheat (Triticum aestivum) was grown from seed in vermiculite in a Conviron growth chamber with a 14 h d and a 10 h night photoperiod and a 12 h, 20°C and a 12 h, 15°C thermoperiod. The temperature increase associated with the thermoperiod was initiated 1 h into the photoperiod and terminated 1 h prior to the end of the photoperiod. To supply adequate nutrients for maximal growth, the plants were watered twice daily after emergence with 2/5 dilute Hoagland solution modified to contain 0.4 mM ammonium ion and 34 ,uM Fe24 as an iron chelate. The PPFD at the leaf surface during the photoperiod was 1000 umol quanta m-2 s-'.
With the exception of Rubisco, all reagents were purchased from Sigma Chemical Co. and were ofthe highest grade possible. Rubisco was purified from wheat leaves by the method ofPaulsen and Lane (23) with the following modification; prior to the hydroxyapatite step the protein was subjected to a 60°C heat treatment for 5 min (C Paech, personal communication). The denatured protein was removed by centrifugation (35,000g for 30 min) while the heat stable Rubisco remained in the supernatant. The purified Rubisco extract was found to be free of Ru5P kinase and ribose-5-P isomerase activity.
Gas exchange on the youngest, fully expanded leaf of 4 to 5 week old wheat plants was carried out using an Anarad AR-600R IR gas analyzer in an open system equipped with an air sealed cuvette as described by Wolfet al. (34) . Gas (20) , leaf vapor pressure deficits were kept to a minimum (<1 kPa).
After attaining steady state A, metabolism was terminated by clamping the leaf between two copper plates cooled to the temperature of liquid N2 immediately after removal of the leaf from the cuvette (the entire process taking 2-3 s). Since the cuvette was mounted in a growth chamber where ambient light and temperature conditions were maintained at those present in the cuvette, the leaf experienced the same temperature and light intensity during the killing procedure. Samples were stored in liquid N2 until they could be further processed. The leaf samples were split and weighed, one half to be used for enzyme analysis, the other for metabolite analysis. In both cases, leaf material was kept frozen until it was completely macerated in the appropriate extraction medium using a mortar and pestle.
Extracts for metabolite analysis were prepared by first grinding the leaf material in 0.7 N HC104 (0.1 g leaf material per 1.25 ml), and then removing the precipitated protein by centrifugation (10,OOOg for 5 min in a Beckman microfuge). The extract was then neutralized with 10 N KOH and decolorized with activated charcoal (20 mg/1.25 ml). The KC104 precipitate and the charcoal were removed from the extract by centrifugation as above. In all cases, solutions were transferred quantitatively to ensure minimum loss of sample. The Chl concentration in the metabolite extract was estimated by multiplying the weight ofthe tissue in that extract by the ratio of Chl to tissue weight determined from the corresponding sample used for enzyme assays (see below).
Triose-P, PGA, and RuBP were determined through sequential assays on the same sample. The basic assay medium contained 50 mM Tricine-KOH (pH 8.0), 20 mm MgCl2, 20 mm NaHCO3, 10 mm KCI, I mm EDTA, 5 mm ATP, 5 mm phosphocreatine, 0.3 NADH, and 2 units ml-' phosphocreatine kinase. The assay was performed by the sequential addition of the following enzymes with the metabolites determined given in parenthesis: 5.0 units ml-' triose-P isomerase, 0.4 units ml-' glycerol phosphate dehydrogenase (for determining triose-P), 3 .0 units ml-' 3-phosphoglycerate kinase, 1.0 unit ml-' glyceraldehyde phosphate dehydrogenase (for determining PGA), and 0.05 units ml-' Rubisco (for determining RuBP). The levels of Glc6P, Fru6P, and FBP were determined in an assay consisting of 50 mM Tricine-KOH (pH 7.6), 5 mM MgCl2, 1 mM EDTA, 0.2 mM NADP+, and the sequential addition of 0.2 units ml-' Glc6P dehydrogenase (for determining Glc6P), 0.4 units ml-' phosphoglucoisomerase (for determining Fru6P), and 0.05 units ml-' FBPase (for determining FBP). All assays were carried out at 20C. Using standards which were included during the grinding procedure, the recovery of metabolites in the above procedures was 86 to 94% (the data were not corrected for the calculated loss of metabolites).
Enzyme activity was monitored by grinding frozen leaf material in a cold mortar and pestle using an extraction buffer containing 50 mM Tricine-KOH (pH 8.0), 1 (Fig. 1B) . Under both photorespiring and nonphotorespiring conditions, CQ remained relatively constant at the lower leaf temperatures but gradually increased as leaf temperature approached 45°C (Fig. 1B) . At 45°C, C, approached the external CO2 concentration under both conditions. Therefore, the lower rate of A at suboptimal and supraoptimal temperatures was not due to stomatal limitations. Rather, at the higher temperature, C, increased as a result of direct inhibition of carbon assimilation. While increasing the leaf temperature had little effect on the extractable activity of Ru5P kinase, it caused a reduction in the extractable activity of both Rubisco and FBPase (Fig. 2) . Even though the extractable activity of FBPase was higher at all leaf temperatures under nonphotorespiring conditions compared to photorespiring conditions, the degree of inhibition of FBPase due to increasing leaf temperature was greater under nonphotorespiring conditions (Fig. 2) . The Rubisco activity was severely reduced in leaf extracts as leaf temperature increased (Fig. 2) . If aliquots of the leaf extracts were allowed to incubate prior to assay for 10 min at room temperature in the presence of 10 mm NaHCO3 and 10 mM MgC12, the activity of Rubisco increased to similar levels in all extracts (on average 390 ,mol mg-' Chl h-', data not shown). This indicates that the progressive decrease in activity of Rubisco with increasing leaf temperature is due to inactivation ofthe enzyme. In contrast to the results with FBPase, the extractable activity of Rubisco was inhibited by nonphotorespiring conditions (Fig. 2 ).
There were also distinct temperature effects on the levels of certain photosynthetic metabolites. First, under photorespiring conditions, the leaf PGA content declined steadily as leaf temperature increased, while the level oftriose-P remained relatively constant over the entire temperature range (Fig. 3A) . At calculated RuBP binding site concentration on Rubisco (Fig.  3B) . At a leaf temperature of 1 5C, the level of RuBP tended to be elevated over that observed at 25°C. Above 25°C, the RuBP content increased dramatically to levels which were 4 to 5 times the level of binding sites on Rubisco. As leaf temperature increased from 15 to 25C, there was a large decrease in the levels of Fru6P and Glc6P. This was followed by a gradual decrease in the leaf content of these two metabolites with increasing leaf temperature from 25 and 45°C (Fig. 3C) . The leaf content of FBP were remarkably constant over the entire temperature range (Fig. 3C) .
Under nonphotorespiring conditions, the PGA content declined with increasing leaf temperatures in an analogous fashion to what was observed under photorespiring conditions, except that the decline between 15 and 25°C was significantly less under nonphotorespiring conditions (Fig. 3D) . Under nonphotorespiring conditions, the level of triose-P remained relatively constant (Fig. 3D) . The leaf content of RuBP under nonphotorespiring conditions responded to increasing leaf temperature in a similar fashion to that observed under photorespiring conditions (Fig.  3E) . However, the RuBP content at the leaf temperatures of 15 and 25°C was above the calculated level of RuBP binding sites on Rubisco. The leaf content of Fru6P and Glc6P declined gradually in a nearly linear fashion as leaf temperature increased (Fig. 3F) . As was observed under photorespiring conditions, FBP concentrations were constant over the entire temperature range under nonphotorespiring conditions (Fig. 3F ). (27) . Similarly, depletion of the cellular Pi by sequestration with mannose feeding (phosphorylation of mannose by hexokinase produces mannose-P which is not readily metabolized in the cell) results in a lack of stimulation of A by 2% 02 (7) . It has been hypothesized that A can be limited by the rate at which photosynthetically derived carbohydrates can be utilized by sinks (8) . Sharkey (27) has theorized that the limitation of A under conditions of 02 insensitivity is due to a limitation on the utilization of the triose-P in starch and sucrose synthesis which would result in the accumulation of organic-P and a depletion of Pi. The lowered level of Pi would limit photophosphorylation and electron transport and therefore inhibit the photosynthetic carbon reduction of PGA to triose-P. As a result, PGA accumulates under such conditions. 
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In wheat at 1 5°C, the levels of PGA, Fru6P, and Glc6P were significantly higher compared to other leaf temperatures under both photorespiring and nonphotorespiring conditions (Fig. 3) , which may reflect a relatively low rate of consumption of photosynthetically derived organic-P. Transport of triose-P out of the chloroplast in exchange for Pi on the phosphate translocator is expected to be reduced under these conditions (due to suboptimal Pi concentrations in the cytosol and/or due to the temperature dependence ofthe transmembrane transport). It is therefore possible that the main limitation on A at the leaf temperature of 1 5°C is due to reduced utilization of triose-P under both photorespiring and nonphotorespiring conditions. Recently, Leegood and Furbank (15) have investigated the effect of phosphate feeding on the inhibition of A in spinach caused by reducing the 02 concentration from 21 to 2% at low temperatures. The feeding of Pi to the spinach leaf dampened the oscillations in A observed after switching from 21 to 2% 02 as well as overcoming the inhibition of A observed at steady state after the switch in 02 concentration (15) . This would imply that at low temperature, the level of Pi is indeed limiting A especially under reduced 02 concentrations.
The degree of enzyme activation does not appear to be limiting A at 1 5C. The extractable activity of Ru5P kinase is relatively constant over the entire temperature range and it does not appear to be limiting at any leaf temperature. The respective extractable activities of Rubisco and FBPase were at a maximum at 15°C (Fig. 2) . The ratio of RuBP/PGA and FBP/Fru6P were at a minimum (Table I) under both photorespiring and nonphotorespiring conditions at 1 5°C, suggesting that Rubisco and FBPase may not be limiting A. Even though the state activation of Rubisco was at its maximum at 15C, the level of RuBP was equal to or greater than the level observed at 25°C indicated there is some restraint on the flux of carbon through the Rubisco reaction. It is possible that the stromal concentrations of competitive inhibitors of Rubisco with respect to RuBP (in the form of sugar phosphates and PGA which are high at 1 5°C) could be altering the apparent Km of Rubisco for RuBP. Many competitive inhibitors of Rubisco with respect to RuBP can increase the specific activity of the enzyme in vitro by preventing inactivation due to dissociation of the activators CO2 and Mg2" from their binding sites (3, 9) . In our study, as leaf temperature increased from 15 to 25C, the leaf concentrations of Glc6P, Fru6P, PGA, and RuBP declined whether under nonphotorespiring or photorespiring conditions. There was a concomitant reduction in the extractable activity of Rubisco with increasing leaf temperature from 15 to 25C, suggesting a possible relationship between the state of activation of Rubisco and the concentration of organic-P in vivo. The proposed limitation on the flux of carbon through the Rubisco reaction due to competitive inhibitors probably is not rate limiting to A at 15C. However, it may provide a means by which Rubisco is regulated under conditions where A is limited by Pi liberation from organic-P at low leaf temperatures.
While extractable activities of Rubisco and FBPase declined from the levels at 1 5°C, the ratios of RuBP/PGA and FBP/Fru6P were still low, indicating that these reactions were not rate limiting to A at 25C. At atmospheric levels of CO2 and 02, it has been hypothesized that A is poised between a state limited by the kinetic capacity of Rubisco at low C1 and a state limited by the rate of RuBP regeneration at high C, (5) . Under the photorespiring conditions used in the present study, the C, was close to the Ci observed at atmospheric CO2 concentrations and the level of RuBP was the lowest observed at atmospheric CO2 concentrations and the level of RuBP was the lowest observed in the entire study. It is therefore assumed that the availability of substrate, both RuBP and C02, is a limiting factor at this temperature. Under nonphotorespiring conditions, the leaf content of PGA, Fru6P, and Glc6P at 25°C was significantly higher than under photorespiring conditions (Fig. 3) . Thus, it is assumed that, under nonphotorespiring conditions at 25°C, A is limited by Pi or by utilization of organic-P, as discussed above for 1 5°C.
Leaf temperatures above 25°C not only produced a reduction of A but also major perturbations in the leaf metabolism. The decline in extractable activity of Rubisco (Fig. 2) , coupled with the high RuBP/PGA ratios (Table I) at leaf temperatures of 35 and 45°C, indicate that the reaction catalyzed by Rubisco was the most temperature sensitive reaction at supraoptimal temperatures. The loss ofRubisco activity could not be due to a decrease in the solubility of CO2 since high C, did not prevent the inactivation process. Certainly, photorespiration does significantly inhibit A at supraoptimal temperatures, but the extent to which the in vivo inactivation ofRubisco limits A at temperatures above the optimum is surprising. Previously, it was hypothesized that photochemistry was limiting A at high temperature through the thermal uncoupling ofelectron transport from ATP synthesis (1 1, 29) . This would presumably limit the regeneration of RuBP as temperature increased. It seems more likely that the reduction of photophosphorylation at supraoptimal temperatures is indicative of perturbations of the thylakoid membrane which may disrupt the function of the membrane, as has been observed elsewhere (21, 22, 24, 29) . The net result of a loss of thylakoid membrane function would be to alter the stromal environment, presumably by decreasing the pH and affecting the concentration of cationic constituents of the stroma. A reduced pH and alteration of the Mg2' concentration would most certainly affect the activation state of Rubisco ( 17) and could, therefore, account for the results at supraoptimal temperatures in this study. The observations and conclusions of the present study agree well with the proposal of Weis (32) on the limitation of A at supraoptimal temperatures, based on studies of 14C02 fixation.
The alteration of the stromal environment could also explain the reduction of extractable FBPase activity at supraoptimal temperatures. FBPase is sensitive to alterations of pH ( 19) which could occur at supraoptimal temperatures. The high FBP/Fru6P ratios observed at the supraoptimal temperatures (Table I) indicate that the flux of carbon through the FBPase reaction may also be limited in vivo at higher temperature. However, leaf content of RuBP at these temperatures is 4-to 5-fold higher than the level of binding sites on Rubisco. As a result, it is hard to consider any reaction involved in the regeneration of RuBP as rate limiting at these temperatures. Rather, it appears that the activity of FBPase may be turned to the overall flux of carbon through the Calvin cycle as observed during the induction response of A (J Kobza, GE Edwards, unpublished data). This allows the enzyme to maintain substrate and product concentrations of the CO2 fixation reaction at a ratio appropriate for A to reach the maximum rate attainable under any given condition (albeit futile at the leaf temperature of 45°C).
The decrease in extractable activity of Rubisco with increasing leaf temperature, as observed here, is similar to the observation of Machler and Nosberger (18) . This effect was subsequently suggested to occur only at low light intensity (25) . In this latter study, an inactivation of the enzyme with increasing temperatures was not observed when plants were grown under low PPFD (400 gmol quanta m-2 s-') and assayed under relatively high PPFD (800 ,mol quanta m-2 s-'). However, the PPFD used in the present study (approximately 1000 umol quanta m-2 s-' during both growth and A measurements) was well in excess of that used by Schnyder et al. (25) , and yet the same effect was observed. While no conclusions can be drawn (especially since this study and previous studies were with different C3 species), it seems possible that the temperature effect on extractable Rubisco activity is dependent on the light intensity the plant experiences during its growth.
It is also of interest that under nonphotorespiring conditions the state of activation of Rubisco is decreased. Inhibition of the extractable activity of Rubisco under nonphotorespiring condi-KOBZA AND EDWARDS tions in the present study was probably due to low 02 concentrations, although the effects of high C1 cannot be ruled out (25; J Kobza, unpublished data). The inhibition of Rubisco activity due to low 02 has been reported previously (25, 28) . Sharkey et al. (28) demonstrated that under high light intensity the rate of utilization of RuBP and the state of activation of Rubisco were reduced as the 02 concentration was lowered. It was hypothesized that reduced utilization of photosynthetic products (i.e. triose-P) produced a feedback inhibition that reduced the state of activation of Rubisco. The inactivation of Rubisco under nonphotorespiring conditions observed in the present study could also be a result of such a mechanism; however, two points need to be made. First, at 15°C, where it appears the rate of utilization of triose-P limits A, the state of activation of Rubisco is at a maximum under both photorespiring and nonphotorespiring conditions when compared to the state of activation under the respective atmospheric conditions at higher leaf temperatures. Second, nonphotorespiring conditions inhibited activation of Rubisco at all temperatures even though triose-P utilization could no longer be considered a limiting factor. Therefore, it appears that the mechanism for the reduction of the state of activation of Rubisco produced by low 02 concentrations cannot be exclusively attributed to a reduced rate of triose-P utilization at all leaf temperatures in wheat. In contrast to Rubisco activity, the extractable activity of FBPase was higher under nonphotorespiring than under photorespiring conditions throughout the temperature range studied. This could be a reflection of the expected competition of 02 for reductant, which would effectively result in a partial oxidation of the FBPase enzyme pool and a reduction in the activation of the enzyme under photorespiring conditions. LITERATURE CITED
